Optical studies of SN 2009jf: A type Ib supernova with an extremely slow
  decline and aspherical signature by Sahu, D. K. et al.
ar
X
iv
:1
10
1.
20
68
v1
  [
as
tro
-p
h.S
R]
  1
1 J
an
 20
11
Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 25 February 2013 (MN LATEX style file v2.2)
Optical studies of SN 2009jf: A type Ib supernova with an
extremely slow decline and aspherical signature
D. K. Sahu1, U.K. Gurugubelli1,2, G. C. Anupama1, K. Nomoto3
1. Indian Institute of Astrophysics, Koramangala, Bangalore 560 034, India
2. Joint Astronomy Programme, Indian Institute of Science, Bangalore 560 012, India
3. Institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwa, Chiba 277-8583, Japan
(E-mail: dks@iiap.res.in, uday@iiap.res.in, gca@iiap.res.in, nomoto@astron.s.u-tokyo.ac.jp )
Accepted .....; Received ......
ABSTRACT
Optical UBV RI photometry and medium resolution spectroscopy of the type Ib su-
pernova SN 2009jf, during the period ∼ −15 to +250 days with respect to the B
maximum are reported. The light curves are broad, with an extremely slow decline.
The early post-maximum decline rate in the V band is similar to SN 2008D, however,
the late phase decline rate is slower than other studied type Ib supernovae. With an
absolute magnitude of MV = −17.96± 0.19 magnitude at peak, SN 2009jf is a nor-
mally bright supernova. The peak bolometric luminosity and the energy deposition
rate via 56Ni → 56Co chain indicate that ∼ 0.17+0.03
−0.03 M⊙ of
56Ni was ejected dur-
ing the explosion. He I 5876 A˚ line is clearly identified in the first spectrum of day
∼ −15, at a velocity of ∼ 16000 km sec−1. The [O I] 6300-6364 A˚ line seen in the
nebular spectrum has a multi-peaked and asymmetric emission profile, with the blue
peak being stronger. The estimated flux in this line implies & 1.34 M⊙ oxygen was
ejected. The slow evolution of the light curves of SN 2009jf indicates the presence of a
massive ejecta. The high expansion velocity in the early phase and broader emission
lines during the nebular phase suggest it to be an explosion with a large kinetic energy.
A simple qualitative estimate leads to the ejecta mass of Mej = 4− 9 M⊙, and kinetic
energy EK = 3 − 8 × 10
51 erg. The ejected mass estimate is indicative of an initial
main-sequence mass of & 20− 25 M⊙.
Key words: supernovae: general - supernovae: individual: SN 2009jf - galaxies: in-
dividual: NGC 7479
1 INTRODUCTION
Type Ib supernovae (SNe Ib) are core-collapse supernovae,
characterized by the presence of prominent helium lines and
the absence of hydrogen lines. They are believed to be the
results of violent explosions of massive stars, such as the
Wolf-Rayet stars, which are stripped of most or all of their
hydrogen envelope, either by mass transfer to a compan-
ion (e.g., Nomoto et al. 1994, Podsiadlowski et al. 2004), or
via strong winds (e.g., Woosley, Langer & Weaver 1993), or
by sudden eruptions. These supernovae are also termed as
stripped-envelope supernovae.
The presence of hydrogen in type Ib supernovae re-
mains an open issue for investigation. There are some type
Ib events which show a deep absorption at ∼ 6200 A˚
in their early spectra, which could be attributed to Hα
(Branch et al. 2002, Anupama et al. 2005, Soderberg et al.
2008), whereas some others show a shoulder in the red
wing of the [O I] 6300-6364 A˚ line in their nebular
spectra, due to Hα (Sollerman, Leibundgut & Spyromilio
1998, Stritzinger et al. 2009). Using the SYNOW code,
Elmhamdi et al. (2006) have shown the presence of a thin
layer of hydrogen ejected at high velocity in almost all the
SNe Ib in their sample. Maurer et al. (2010) have recently
investigated various mechanisms that can produce strong
Hα emission in the late phase, and shown that it can be
explained well by radioactive energy deposition, if hydro-
gen and helium are mixed in suitable fractions and clumped
strongly.
Late phase observations of SNe Ib have gained special
importance as these phases probe deeper into the core of the
expanding stars. The nebular spectrum originating from an
optically thin ejecta provides important clues to the nature
of progenitor star and the explosion mechanism. Asphericity
in the explosion of stripped envelope supernovae is confirmed
by a higher degree of polarization through spectropolarimet-
ric studies of these objects during early phases (Wang et al.
2003, Leonard et al. 2006). Independent indications of the
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asphericity in the explosion come from the narrower width
of [O I] 6300-6364 A˚ line compared to the [Fe II] features at
∼ 5200 A˚ (Mazzali et al. 2001, Maeda et al. 2002) and/or
from the asymmetric profile of the [O I] 6300-6364 A˚ line
(Mazzali et al. 2005).
SN 2009jf was discovered by Li, Cenko & Filippenko
(2009) in the Seyfert 2, barred spiral galaxy NGC 7479
on September 27.33. This supernova was classified as a
young type Ib supernova by Kasliwal et al. (2009), and
Sahu, Anupama & Gurugubelli (2009), based on early spec-
tra obtained on September 29. Itagaki, Kaneda & Yamaoka
(2009) reported the detection of a dim object at an unfil-
tered magnitude of ∼ 18.2 in an image obtained on 2006
November 8.499 and at a magnitude of ∼ 18.3 in an image
obtained on 2007 August 13.74. They also report the pres-
ence of the object at ∼ 18 magnitude in the DSSS images.
They have estimated the absolute magnitude of the object as
−14.5 and suggested that these may be recurring outbursts
of a luminous blue variable.
In this paper we report optical photometry and spec-
troscopy of SN 2009jf in the early and nebular phase and
discuss the results based on the observations.
2 OBSERVATION AND DATA REDUCTION
2.1 Photometry
Photometric observations of SN 2009jf began on 2009
September 29, using the 2m Himalayan Chandra Telescope
(HCT) of the Indian Astronomical Observatory, immedi-
ately after discovery, and continued until 2010 June 21, with
a break during the period the supernova was behind the Sun.
The observations were made using the Himalaya Faint Ob-
ject Spectrograph Camera (HFOSC). The central 2K×2K
region of the 2K×4K SITe CCD chip in use with the HFOSC
was used for imaging. This provides an image scale of 0.296
arcsec pixel−1 over a 10× 10 arcmin2 field of view. Further
details on the telescope and instrument can be obtained
from ”http://www.iiap.res.in/centers/iao”. The supernova
was observed in Bessell U , B, V , R and I filters. Standard
fields PG0231+051, PG1657+078 and PG2213-006 (Landolt
1992) observed under photometric sky condition on 2009
September 30 and October 14, are used for photometric cal-
ibration of the supernova magnitudes.
Data reduction was done in the standard manner, the
data were bias subtracted, flat-fielded and cosmic ray hits
removed, using the standard tasks available within the Im-
age Reduction and Analysis Facility (IRAF) package. Aper-
ture photometry was performed on the standard stars with
an optimal aperture determined using the aperture growth
curve method. Aperture correction between the optimal
aperture and an aperture close to the full width half maxi-
mum (FWHM) of the stellar profile that had the maximum
signal-to-noise ratio was determined using the brighter stars
and then applied to the fainter ones. Average extinction val-
ues for the site (Stalin et al. 2008) were used to correct for
the atmospheric extinction and the average colour terms for
the filter-detector system were used to get the photometric
solutions, based on the magnitudes of the stars in the stan-
dard fields. These were then used to calibrate a sequence
of local standards in the supernova field observed on the
Figure 1. Identification chart for SN 2009jf. The stars used as
local standards are marked with numbers 1-12. South is up and
east to the right. The field of view is 10′ × 10′.
same nights as the standard fields. The local standards were
then used for the photometric calibration of the supernova
magnitudes. The magnitudes of the local standards in the
supernova field are listed in Table 1 and the supernova field
with the local standards marked is shown in Figure 1.
The magnitudes of the supernova and the secondary
standards were estimated using point-spread function pho-
tometry, with a fitting radius equal to the FWHM of the stel-
lar profile. The difference between the aperture and profile
fitting photometry was estimated using bright standards in
the field and applied to the supernova magnitude. The night-
to-night zero points were estimated using the local standards
in the supernova field and the supernova magnitudes cali-
brated differentially with respect to the local standards. The
supernova magnitude in U , B, V , R and I bands are given
in Table 2.
2.2 Spectroscopy
Spectroscopic observations of SN 2009jf were obtained dur-
ing 2009 September 29 (JD 2455104.16) and 2010 June 22
(JD 2455370.38). The spectra were obtained in the wave-
length ranges 3500–7800 A˚ and 5200–9250 A˚ using grisms
Gr#7 and Gr#8 available with HFOSC. The log of spec-
troscopic observations is given in Table 3. Arc lamp spectra
of FeNe and FeAr were obtained for wavelength calibration.
Spectroscopic data reduction was performed in the standard
manner. All spectra were bias subtracted, flat-fielded and
the one dimensional spectra extracted using the optimal ex-
traction method (Horne 1986). Wavelength calibration was
effected using the arc lamp spectra. The accuracy of wave-
length calibration was checked using the night sky emis-
sion lines, and whenever necessary small shifts were applied
to the observed spectra. The spectra were flux calibrated
by correcting for the instrumental response using response
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Table 1. Magnitudes for the sequence of secondary standard stars in the field of SN 2009jf.
ID U B V R I
1 14.846 ± 0.063 14.717± 0.010 14.052 ± 0.019 13.639 ± 0.003 13.218± 0.016
2 16.260 ± 0.087 15.757± 0.006 14.878 ± 0.015 14.340 ± 0.011 13.834± 0.006
3 16.197 ± 0.079 15.885± 0.004 15.148 ± 0.024 14.739 ± 0.001 14.317± 0.013
4 16.366 ± 0.061 16.040± 0.005 15.289 ± 0.011 14.849 ± 0.010 14.421± 0.020
5 16.228 ± 0.082 16.156± 0.006 15.463 ± 0.023 15.061 ± 0.002 14.620± 0.012
6 19.942 ± 0.181 18.271± 0.010 16.915 ± 0.014 16.071 ± 0.005 15.320± 0.013
7 18.775 ± 0.096 17.387± 0.001 16.203 ± 0.017 15.475 ± 0.003 14.860± 0.016
8 17.128 ± 0.077 16.729± 0.004 15.939 ± 0.022 15.455 ± 0.000 14.996± 0.021
9 16.054 ± 0.059 15.350± 0.021 14.464 ± 0.030 13.958 ± 0.000 13.519± 0.019
10 16.446 ± 0.057 16.088± 0.005 15.266 ± 0.024 14.764 ± 0.004 14.264± 0.017
11 17.209 ± 0.094 17.182± 0.007 16.555 ± 0.015 16.139 ± 0.009 15.720± 0.012
12 15.440 ± 0.065 15.332± 0.010 14.659 ± 0.020 14.232 ± 0.005 13.791± 0.012
Table 2. Photometric observations of SN 2009jf
Date J.D. Phase* U B V R I
2454000+ (days)
29/09/2009 2455104.171 −15.29 17.557 ± 0.030 17.622± 0.020 17.047 ± 0.019 16.733 ± 0.024 16.578± 0.027
30/09/2009 2455105.173 −14.29 17.168 ± 0.067 17.275± 0.026 16.739 ± 0.023 16.443 ± 0.016 16.317± 0.016
01/10/2009 2455106.104 −13.36 16.945 ± 0.033 16.990± 0.037 16.508 ± 0.025 16.219 ± 0.026 16.077± 0.019
03/10/2009 2455108.261 −11.20 16.441± 0.032 16.001 ± 0.038 15.774 ± 0.031 15.594± 0.032
04/10/2009 2455109.194 −10.27 16.078 ± 0.040 16.275± 0.035 15.842 ± 0.034 15.611 ± 0.032 15.458± 0.028
08/10/2009 2455113.119 −6.34 15.572 ± 0.043 15.752± 0.032 15.365 ± 0.012 15.159 ± 0.013 14.980± 0.026
14/10/2009 2455119.308 −0.15 15.582 ± 0.042 15.594± 0.021 15.092 ± 0.011 14.857 ± 0.015 14.643± 0.010
15/10/2009 2455120.120 +0.66 15.517 ± 0.028 15.575± 0.025 15.078 ± 0.019 14.826 ± 0.024 14.638± 0.020
16/10/2009 2455121.313 +1.85 15.580 ± 0.044 15.618± 0.027 15.082 ± 0.014 14.816 ± 0.015 14.600± 0.037
22/10/2009 2455127.171 +7.71 15.992 ± 0.035 15.855± 0.011 15.136 ± 0.009 14.832 ± 0.020 14.588± 0.025
24/10/2009 2455129.265 +9.81 16.153 ± 0.030 15.988± 0.016 15.186 ± 0.020 14.864 ± 0.023 14.597± 0.025
27/10/2009 2455132.288 +12.83 16.574 ± 0.039 16.277± 0.028 15.318 ± 0.024 14.950 ± 0.034 14.649± 0.038
31/10/2009 2455136.187 +16.73 16.687± 0.027 15.604 ± 0.029 15.132 ± 0.024 14.777± 0.021
06/11/2009 2455142.047 +22.59 17.118± 0.018 15.933 ± 0.021 15.403 ± 0.021 15.024± 0.044
10/11/2009 2455146.146 +26.69 17.534 ± 0.056 17.291± 0.018 16.108 ± 0.019 15.565 ± 0.013 15.138± 0.043
14/11/2009 2455150.057 +30.60 17.598 ± 0.087 17.421± 0.031 16.268 ± 0.012 15.720 ± 0.020 15.246± 0.014
17/11/2009 2455153.156 +33.70 17.454± 0.013 16.353 ± 0.022 15.823 ± 0.017 15.328± 0.029
21/11/2009 2455157.21 +37.75 17.547± 0.020 16.455 ± 0.017 15.946 ± 0.021 15.439± 0.019
25/11/2009 2455161.048 +41.59 17.603± 0.025 16.510 ± 0.032 16.026 ± 0.031 15.537± 0.034
30/11/2009 2455166.188 +46.73 17.647± 0.032 16.594 ± 0.034 16.116 ± 0.024 15.596± 0.017
03/12/2009 2455169.030 +49.57 17.654± 0.031 16.624 ± 0.014 16.173 ± 0.032 15.653± 0.031
18/12/2009 2455184.040 +64.58 17.751± 0.020 16.815 ± 0.020 16.393 ± 0.016 15.855± 0.023
23/12/2009 2455189.036 +69.58 17.812± 0.033 16.890 ± 0.017 16.478 ± 0.025 15.964± 0.029
29/12/2009 2455195.151 +75.69 17.847± 0.024 16.947 ± 0.028 16.541 ± 0.012 16.061± 0.045
09/01/2010 2455206.041 +86.58 17.887± 0.022 17.079 ± 0.021 16.692 ± 0.022 16.213± 0.043
20/01/2010 2455217.073 +97.61 18.003± 0.020 17.203 ± 0.019 16.819 ± 0.016 16.326± 0.016
27/01/2010 2455224.073 +104.61 18.151± 0.040 17.295 ± 0.036 16.946 ± 0.012 16.464± 0.020
01/02/2010 2455229.071 +109.61 18.181± 0.049 17.410 ± 0.019 17.011 ± 0.014 16.563± 0.016
01/05/2010 2455318.442 +198.98 18.524 ± 0.038 17.979 ± 0.025 17.785± 0.033
24/05/2010 2455341.418 +221.96 19.212± 0.046 18.753 ± 0.024 18.126 ± 0.022 18.013± 0.039
26/05/2010 2455343.406 +223.95 19.296± 0.029 18.808 ± 0.031 18.177 ± 0.052 18.019± 0.051
11/06/2010 2455359.430 +239.97 19.456± 0.034 19.075 ± 0.032 18.427 ± 0.036 18.336± 0.038
21/06/2010 2455369.353 +249.89 19.462± 0.028 19.109 ± 0.026 18.539 ± 0.026 18.373± 0.034
*Observed phase with respect to the epoch of maximum in the B band (JD 2455119.46).
curves estimated from the spectra of spectrophotometric
standards that were observed on the same night. For the
nights that standard star spectra were not available, the re-
sponse curve obtained during observations on nearby nights
were used. The flux calibrated spectra in the two regions
were then combined, scaled to a weighted mean to give the
final spectrum. This spectrum was then brought to an abso-
lute flux scale using zero points determined from broad-band
UBV RI magnitudes. The supernova spectra were corrected
for the host galaxy redshift of z = 0.007942 and dereddened
for a total reddening of E(B − V ) = 0.112, as estimated in
Section 4. The telluric lines have not been removed from the
spectra.
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Table 3. Log of spectroscopic observations of SN 2009jf.
Date J.D. Phase Range
2450000+ days A˚
29/09/2009 5104.16 -15.30 3500-7800; 5200-9250
30/09/2009 5105.13 -14.33 3500-7800; 5200-9250
01/10/2009 5106.17 -13.29 3500-7800; 5200-9250
07/10/2009 5112.09 -7.37 3500-7800; 5200-9250
08/10/2009 5113.07 -6.39 3500-7800; 5200-9250
15/10/2009 5120.17 +0.71 3500-7800; 5200-9250
24/10/2009 5129.22 +9.76 3500-7800; 5200-9250
10/11/2009 5146.19 +26.73 3500-7800; 5200-9250
17/11/2009 5153.17 +33.71 3500-7800; 5200-9250
03/12/2009 5169.17 +49.71 3500-7800; 5200-9250
23/12/2009 5189.06 +69.60 3500-7800; 5200-9250
08/01/2010 5205.04 +85.58 3500-7800; 5200-9250
21/01/2010 5218.07 +98.61 3500-7800; 5200-9250
31/05/2010 5348.40 +228.94 5200-9250
22/06/2010 5370.38 +250.92 5200-9250
3 OPTICAL LIGHT CURVES AND COLOUR
CURVES
The light curves of SN 2009jf in the UBV RI bands are
presented in Figure 2. Also included in the figure are the
unfiltered discovery magnitude and the pre-discovery limit-
ing magnitudes (Li, Cenko & Filippenko 2009). Our obser-
vations began two days after discovery, ∼ 15 days before
maximum in B band and continued till ∼ 250 days after
maximum. The date of maximum brightness and the peak
magnitude in different bands have been estimated by fit-
ting a cubic spline to the points around maximum and are
listed in Table 4. Similar to other type Ib/c supernovae,
the light curve of SN 2009jf peaks early in the bluer bands
than the redder bands. The maximum in B occurred on JD
2455119.46 (2009 October 14.9), at an apparent magnitude
of 15.56 ± 0.02.
The light curves of SN 2009jf are compared with those
of a few well studied core-collapse supernovae, namely, SN
2008D (Modjaz et al. 2009), SN 2007Y (Stritzinger et al.
2009), SN 1999ex (Stritzinger et al. 2002), SN 1990I
(Elmhamdi et al. 2004), broad lined type Ic SN 1998bw and
the fast declining broad-line type Ic SN 2007ru (Sahu et al.
2009), in Figure 3. The observed magnitudes of the super-
novae have been normalized to their respective peak magni-
tudes and shifted in time to the epoch of maximum bright-
ness in B band. From the figure, it is seen that the initial
rise to maximum and post-maximum decline of SN 2009jf
is slower in comparison with other supernovae, making the
light curve of SN 2009jf broader. The post-maximum de-
cline of the light curve in 15 days i.e. ∆m15 estimated for
different bands are ∆m15(U) = 0.971, ∆m15(B) = 0.908,
∆m15(V ) = 0.503, ∆m15(R) = 0.311 and ∆m15(I) = 0.303.
These estimates indicate the decline rate in V to be simi-
lar to that of SN 2008D, but considerably slower than other
type Ib and type Ic supernovae. The decline rates estimated
for the later phases (> 40 days) are 0.008 mag day−1 in
B, 0.0126 mag day−1 in V , 0.0141 mag day−1 in R and
0.0145 mag day−1 in I . These rates are slower in compari-
son with other type Ib supernovae. The broader light curves
and slower decline rates suggest that the ejecta of SN 2009jf
Figure 2. UBV RI light curves of SN 2009jf. The light curves
have been shifted by the amount indicated in the legend.
is relatively efficient in trapping the γ-rays produced in the
radioactive decay. This also indicates that the progenitor of
SN 2009jf was able to retain more of an envelope prior to
the core-collapse, thus increasing the diffusion time for the
energy produced from the radio active decay of 56Ni to 56Co
(Stritzinger et al. 2002, Arnett 1982).
There are only a few cases of type Ib supernovae where
the rise time to B band maximum is constrained accurately.
For example, the rise time for SN 1999ex and SN 2008D
is found to be 18 days (Stritzinger et al. 2002) and 16.8
days (Modjaz et al. 2009), respectively. The rise time could
be constrained for these two supernovae as they occurred
in galaxies which were already being monitored to follow
up other events. SN 1999ex was detected in IC 5179 which
hosted SN 1999ee (Martin et al. 1999). The data obtained
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Table 4. Light curve maximum parameters
Filter J.D. at max. Peak obs mag. Peak abs mag.
2455000+
U 116.60±0.65 15.458±0.014 -17.759±0.19
B 119.46±0.50 15.558±0.020 -17.579±0.19
V 120.98±0.48 15.056±0.022 -17.964±0.19
R 121.44±1.03 14.813±0.032 -18.121±0.19
I 124.10±0.60 14.586±0.010 -18.253±0.19
3
2
1
0
0 50 100
3
2
1
0
0 50 100
Figure 3. Comparison of UBV RI light curves of SN 2009jf with
those of SN 2008D, SN 2007Y, SN 1999ex, SN 1990I, SN 1998bw
and SN 2007ru. The light curves have been normalized as de-
scribed in the text.
as a part of monitoring of SN 1999ee had the possible de-
tection of the initial shock breakout due to SN 1999ex. Sim-
ilarly, the shock breakout of SN 2008D was detected by the
Swift satellite, as an X-ray transient XRT 080109, during
a routine follow up observation of SN 2007uy in NGC 2770
(Berger & Soderberg 2008). The peak of the X-ray transient
is expected to occur shortly after the supernova explosion
(Li 2007). SN 2009jf was discovered on September 27.33,
around 17.5 days before maximum in B band. Comparing
with SN 1999ex and SN 2008D, it appears that SN 2009jf
was most likely discovered almost immediately after explo-
sion. However, since we are unable to constrain the shock
breakout precisely, a rise time of 19±1 days is assumed in
this work.
The colour evolution of SN 2009jf is plotted in Fig-
ure 4. The colour curves of SN 2008D, SN 2007Y and SN
1999ex are also included in the figure for comparison. The
colour curves have been corrected for total reddening val-
ues of E(B − V ) of 0.112 for SN 2009jf, 0.65 for SN 2008D
(Mazzali et al. 2008), 0.112 for SN 2007Y (Stritzinger et al.
2009) and 0.3 for SN 1999ex (Stritzinger et al. 2002). The
reported magnitudes of SN 2007Y are in the u
′
, g
′
, B, V ,
-1
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1
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Figure 4. (U −B), (B − V ), (V −R) and (R− I) colour curves
of SN 2009jf compared with those of SN 2008D, SN 2007Y and
SN 1999ex.
r
′
and i
′
bands. These magnitudes have been transformed
to the UBV RI system using transformation equations given
in Jester et al. (2005). The (U − B), (B − V ) and (V − R)
colour curves of SN 2009jf evolve from red to blue in the pre-
maximum epoch. This colour change can be attributed to an
increase in the photospheric temperature with brightening
of the supernova in the pre-maximum phase. The (B − V )
colour attains a value of 0.25 mag at ∼ 5 days before maxi-
mum in B band, after that it monotonically becomes redder
till ∼ 20 days after B maximum, indicating cooling due to
envelope expansion. It again starts becoming blue at later
epochs. The (V −R) colour follows a similar trend, while the
(R−I) colour evolves towards red monotoically. The (B−V )
and (V −R) colour evolution of SN 2009jf is quite similar to
that of SN 1999ex, while the (U −B) colour is always bluer
and the (R − I) colour redder than SN 1999ex. While SN
2009jf is redder than both SN 2007Y and SN 2008D in the
pre-maximum epoch, the post maximum colour evolution is
similar in all three SNe, except for the (U−B) colour, which
remains bluer in SN 2009jf.
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4 DISTANCE AND REDDENING
SN 2009jf is located at 54 arcsec west and 37 arcsec north
of the nucleus of NGC 7479, at the edge of the outer
arm of the host galaxy. From the infrared dust maps of
Schlegel, Finkbeiner & Davis (1998), the Galactic interstel-
lar reddening in the direction of NGC 7479 is E(B − V )Gal
= 0.112 mag. The spectrum of SN 2009jf obtained close to
maximum light shows the presence of weak Na ID absorption
from the Milky Way. We do not detect any Na ID absorption
due to the host galaxy. The low reddening of the supernova
is also evident from its optical colours (see Figure 4). We
therefore conclude there is no additional extinction due to
the host galaxy and use a value of E(B − V ) = 0.112 mag
for extinction correction.
The radial velocity of NGC 7479, corrected for Local
Group infall onto the Virgo Cluster is 2443 km s−1 (LEDA),
which implies a distance modulus of 32.70 ± 0.18 for an H0
value of 71±6 km sec−1 Mpc−1. This leads to a distance of
34.66± 2.9 Mpc for NGC 7479. The errors in distance mod-
ulus and distance are estimated taking into account the un-
certainty in H0. The redshift independent distance estimate
using Tully-Fisher relation is 33.85± 3.1 (NED), which is in
close agreement with the distance estimates using the radial
velocity. We use the mean of the two estimates, 34.25 ± 4.2
Mpc as the distance to NGC 7479 for further analysis.
5 ABSOLUTE MAGNITUDE, BOLOMETRIC
LIGHT CURVE AND MASS OF 56NI
The absolute peak magnitudes estimated using a distance
of 34.25 Mpc and a reddening correction for an E(B − V )
of 0.112 mag are listed in Table 4. The errors in the ab-
solute magnitudes have been estimated using uncertain-
ties in the peak magnitude and the distance modulus of
the host galaxy. Comparing the absolute magnitude of SN
2009jf with the absolute magnitude distribution of other
SNe Ib (Richardson, Branch & Baron (2006) and references
therein), SN2009jf lies close to the mean of the distribu-
tion. It is fainter than the extremely luminous type Ib su-
pernova SN 1991D (Maza & Ruiz 1989), and comparable in
brightness to SN 1984L, SN1990I (Elmhamdi et al. 2004),
SN1999ex (Stritzinger et al. 2002, Hamuy et al. 2002) and
SN 2000H (Krisciunas & Rest 2000). SN 2009jf is∼ 1.5 mag-
nitude brighter than SN 2007Y (Stritzinger et al. 2009) and
∼ 1 magnitude brighter than SN 2008D, which was associ-
ated with the X-ray transient 080909 (Modjaz et al. 2009).
The quasi-bolometric light curve of SN 2009jf is esti-
mated using the reddening corrected UBV RI magnitudes
presented here. The reddening corrected magnitudes were
converted to monochromatic fluxes using the zero points
from Bessell, Castelli & Plez (1998). The quasi-bolometric
fluxes were derived by fitting a spline curve to the U , B, V ,
R and I fluxes and integrating over the wavelength range
3100 A˚ to 1.06µm, determined by the response of the filters
used. There are a few missing magnitudes in the U band
light curve, which were estimated by interpolating between
the neighbouring points. The quasi-bolometric light curve
of SN 2009jf plotted in Figure 5 is compared with the bolo-
metric light curves of type Ib supernovae SN 2008D, SN
2007Y, SN 1999ex, type Ic supernova SN 1994I and broad
lined type Ic SN 1998bw, also plotted in the figure. The
bolometric light curves of supernovae SN 2008D, SN 2007Y,
SN 1999ex and SN 1994I were constructed in a manner sim-
ilar to SN 2009jf. The bolometric light curve of SN 2007Y
(Stritzinger et al. 2009), SN 1999ex (Stritzinger et al. 2002)
and SN 1994I (Richmond et al. 1996) are based on the pub-
lished UBV RI magnitudes, while the bolometric light curve
of SN 2008D includes the Swift UVOT (U-band) and NIR
data also (Tanaka et al. 2009). The bolometric light curve of
SN 1998bw is taken from Patat et al. (2001) which includes
optical and NIR data. A total reddening E(B − V ) of 0.45,
0.3, 0.11, 0.65, 0.06 mag and, distances of 8.32, 48.31, 19.31
31.0 and 37.8 Mpc were adopted for SN 1994I, SN 1999ex,
SN 2007Y, SN 2008D and SN 1998bw, respectively.
The bolometric light curve of SN 2009jf is fainter than
SN 1998bw and brighter than all other type Ib/c supernovae
in comparison. Adding a conservative uncertainty of ±0.2,
mainly due to the uncertainty in H0, the peak bolomet-
ric magnitude for SN 2009jf is estimated as −17.48 ± 0.2
mag, which is ∼ 1.4 magnitude brighter than SN 2007Y
and ∼ 0.4 magnitude brighter than SN 1999ex. The con-
tribution of NIR and UV fluxes to the bolometric flux for
type Ib/c supernovae is not well constrained. For SN 2007Y
Stritzinger et al. (2009) have estimated that close to the
peak brightness, ∼ 70% of the flux is in the optical bands,
∼ 25% in the UV bands and ∼ 5% in the NIR bands.
However, by two weeks past maximum the UV contribu-
tion comes down to < 10% and NIR contribution rises up
to ∼ 20%. In the case of SN 2008D, the bolometric flux has
an NIR contribution of about < 24% at ∼ 12 days after
maximum light in V (Modjaz et al. 2009). Thus, the UV
and NIR bands, together, contribute as much as ∼ 30% to
the bolometric flux. Even without considering the UV and
NIR contribution to the bolometric light curve, it is seen
that SN 2009jf is 0.6 magnitude brighter than SN 2008D
at peak. Further, as seen in the UBV RI light curves, the
decline rate of bolometric light curve of SN 2009jf is slower
than other supernovae in comparison. While the initial de-
cline rate of SN 2009jf is comparable to SN 2008D, it is much
slowler than SN 2008D in the later phases. The slope of the
bolometric light curve ∼ 45 days after B maximum is found
to be 0.013 mag day−1. For SN 2008D the same quantity is
0.023 mag day−1.
The mass of 56Ni synthesized during explosion can be
estimated following the principle that the bolometric lumi-
nosity, Lbol at maximum light is proportional to the instan-
taneous rate of radioactive decay (Arnett 1982). The simpli-
fied formulation of Arnett’s rule, to estimate mass of 56Ni,
MNi = Lbol/αS˙ as proposed by Nugent et al. (1995) involves
α, the ratio of bolometric to radioactivity luminosity and S˙,
the radioactivity luminosity per unit nickel mass, which de-
pends on the rise time of the supernova to maximum light.
The peak UBV RI bolometric luminosity for SN 2009jf is
estimated as 3+0.6
−0.5×10
42 erg sec−1, the quoted uncertainty
is mainly due to the uncertainty in H0. SN 2009jf was dis-
covered around 17.5 days before maximum in B band, indi-
cating the mimimum rise time is around 18 days. Assuming
a rise time of 19±1 days, the mass of 56Ni is estimated to be
0.16+0.03
−0.03 M⊙ for SN 2009jf. It is worth mentioning here that
α, the ratio of bolometric to radioactivity luminosity, which
takes into account the possible radiation transport effects is
assumed to be unity.
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Figure 5. Bolometric light curve of SN 2009jf. Also plotted in
the figure, for comparison, are the bolometric light curves of SN
2008D, SN 1999ex, SN 1998bw, SN 2007Y and SN 1994I. The
continuous curves correspond to the rate of energy production for
different masses of 56Ni sysntesized during the explosion, based
on the analytical formulation by Nadyozhin (1994)
.
Another way for estimating mass of 56Ni synthesized
during the explosion is to fit the energy deposition rate
via 56Ni → 56Co chain, to the observed bolometric light
curve. The total rate of energy production via 56Ni→ 56Co
chain estimated using the analytical formula by Nadyozhin
(1994), for different values of mass of 56Ni synthesized dur-
ing the explosion is plotted with the bolometric light curves
in Figure 5. The energy deposition rate corresponding to
56Ni mass of 0.18 M⊙ fits the initial decline of the quasi-
bolometric light curve of SN 2009jf. The mass of 56Ni esti-
mated using Arnett’s law and the energy deposition rate are
in good agreement with each other, and in what follows, an
average of the two estimates, 0.17 M⊙ is taken as the mass
of 56Ni synthesized in the explosion. In the above estimates
of 56Ni mass, the contribution from UV and NIR bands to
the bolometric luminosity have not been included. As dis-
cussed earlier, the contribution from UV and NIR bands to
the bolometric luminosity at any given time is about 30%.
Including this contribution to the bolometric luminosity, the
estimated mass of 56Ni synthesized in the explosion will in-
crease by ∼ 30%.
6 SPECTRAL EVOLUTION
Our spectroscopic observations began 15 days before B max-
imum and continued till 99 days after B maximum, when the
object went in solar conjunction. Subsequently, two spectra
were obtained in the nebular phase, at 229 days and 251
days after B maximum.
Figure 6. Pre-maximum spectral evolution of SN 2009jf during
-15 to -6 days with respect to maximum in B band.
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Figure 7. Spectral evolution of SN 2009jf around maximum and
immediate post-maximum phase.
6.1 Early phase
The spectral evolution of SN 2009jf is plotted in Figures 6, 7
and 8 . Our first spectrum is one of the earliest spectrum for
type Ib supernovae, along with SN 2007Y (Stritzinger et al.
2009) and SN 2008D (Modjaz et al. 2009). All spectra have
been corrected for the heliocentric velocity 2381 km sec−1
of the host galaxy.
The pre-maximum spectra of SN 2009jf are plotted in
Figure 6. These spectra are characterized by a broad P-
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Figure 8. Spectral evolution of SN 2009jf during +70 to +99
days with respect to maximum in B band.
Cygni profile, indicative of high expansion velocity of the
ejecta. The first spectrum taken on JD 2455104.16 (15 days
before B maximum) shows distinctive broad absorption due
to He I 5876 A˚ with an expansion velocity of ∼ 16 300 km
sec−1 and possible contribution from Na ID 5890, 5896 A˚.
The other well developed features seen in the first spectrum
are due to Ca II H & K 3934, 3968 A˚, Fe II between 4100 to
5000 A˚, Si II/Hα at ∼ 6250 A˚, O I 7774 A˚ and Ca II NIR
triplet between 8000 and 9000 A˚. Clear signature of other
He I lines 4471 A˚ (possibly blended with Fe II 4924 A˚ and
Mg II 4481 A˚), 5015, 6678 and 7065 is present in the spec-
trum taken ∼ 13 days before B maximum. The He I 7065 A˚
line is affected by the telluric H2O band. The first spec-
trum also shows the double absorption, the “W” feature, at
∼ 4000 A˚ seen in the very early spectra of the type II super-
nova SN 2005ap (Quimby et al. 2007), the type Ib supernova
SN 2008D (Modjaz et al. 2009) and the type IIb supernova
SN 2001ig (Silverman et al. 2009). This feature is identified
with Fe complexes (Mazzali et al. 2008), or as a combination
of C III, N III and O III lines at high velocities (Modjaz et al.
2009, Silverman et al. 2009). Tanaka et al. (2009) have in-
vestigated the presence of C III, N III and O III lines in the
early spectrum of SN 2008D using a Monte Carlo spectrum
synthesis code, and do not find a large contribution from
these ionization states. They conclude that ionization by the
photospheric radiation only is not enough for the observed
features to be due to these doubly ionized lines.
The continuum becomes bluer as the supernova evolves
towards maximum, as also indicated by the colour curves
(Figure 4).
The pre-maximum spectra of SN 2009jf are compared
with those of SN 2007Y and SN 2008D at similar epochs
and shown in Figure 9. The spectrum of SN 2009jf at 15
days before B maximum (top panel), shows well developed
absorptions at 4100–5500 A˚ due to Fe II and He I 5876 A˚. In
comparison, SN 2008D shows a nearly featureless spectrum
Figure 9. Comparison of pre-maximum spectra of SN 2009jf with
SN 2008D and SN 2007Y. Note the early emergence of He I line
in SN 2009jf, marked by arrow.
around the same time. While the Fe II features are clearly
identifiable in SN 2007Y, the He I 5876 A˚ feature is absent.
The spectra of SN 2009jf and SN 2007Y at ∼ 7 days before
B maximum (lower panel) are very similar, except for the
differences in the expansion velocities, while in SN 2008D,
lines due to He I are identified, but Fe II lines are still not
well developed.
The post-maximum spectra are shown in Figures 7 and
8. The spectrum of SN 2009jf obtained 1 day after B max-
imum shows a bluer continuum, with well developed lines
due to Ca II H & K, He I, Fe II and a broad P-Cygni pro-
file of Ca II near-IR triplet. The prominent absorption at
∼ 6250 A˚ in the pre-maximum phase weakens, and is not
seen in the spectra beyond day +10. The continuum of the
post-maximum spectrum on day +27 again becomes redder.
Later on, the evolution of the spectrum is slow, with further
suppression of the flux in blue and an increase in the flux of
Ca II NIR triplet.
The spectra of SN 2009jf, SN 2007Y and SN 1999ex
close to maximum are plotted in Figure 10 (top panel). The
main features in the spectra are identified and marked in
the figure. While the general characteristics of the spectrum
in the three SNe are similar, it is seen that the Fe II lines
around ∼ 5000 A˚ are somewhat underdeveloped in SN
1999ex. In the phase ∼ 10 days after B maximum (Figure
10: lower panel), the spectral features in SN 2009jf appear
to be narrower compared to the other supernovae. Around a
month after maximum, all three supernovae show identical
features (Figure 11: top panel).
Forbidden emission lines of [O I] 6300-6364 A˚ and [Ca II]
7291, 7324 A˚ are seen in the spectrum of day +70 (Figure
8), marking the onset of the nebular phase. The spectra
of +86 and +99 days after B maximum show a strength-
ening of the [O I] and [Ca II] features. The other features
identified in these spectra are Mg I] 4570 A˚, [Fe II] blend
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Figure 10. Spectral comparison of SN 2009jf around maximum
and immediate post-maximum phase.
Figure 11. Spectral comparison of SN 2009jf at later phases.
at 5200 A˚, Na I doublet 5890, 5896 A˚, O I 7774 A˚ and the
blend at ∼ 8700 A˚, which has contributions from O I 8446 A˚,
Ca II 8498–8662 A˚, and [C I] 8727 A˚ (Fransson & Chevalier
1989). The features have been identified in Figure 11 (bot-
tom panel). The [O I] profile at this phase is single peaked
and asymmetric, with the emission peaking redwards. The
asymmetry is more evident in the spectrum of day +99. In
comparison, the +93 day spectrum of SN 2008D shows a
symmetric double peaked [O I] line.
Figure 12. Nebular spectra of SN 2009jf (top). Hα+[N II] and
[S II] features (marked in italics ) from the underlying H II region
are also identified in the spectra. The bottom panel shows the
comparison with the nebular spectrum of SN 2007Y.
6.2 Nebular phase
The spectra taken 229 and 251 days after maximum are pre-
sented in Figure 12. The spectrum during these days is dom-
inated by the [O I] and [Ca II] features. The [Ca II] emission
is blended with [Fe II] lines at 7155, 7172, 7388 and 7452 A˚
and possibly with [O II] 7320, 7330 A˚ (Stritzinger et al.
2009). Na I 5890, 5896 A˚ doublet, O I 7774 A˚, and the
8700 A˚ blend are also identified in these spectra, but with
a decreased strength compared to the spectra of 86 and
99 days after maximum. The FWHM of a Gaussian fit
to the [O I] emission line indicates a velocity dispersion
of ∼ 7300 km sec−1, whereas the corresponding veloc-
ity dispersion estimated for the [Ca II] line is ∼ 6500 km
sec−1. The FWHM velocities measured for SN 2009jf are
higher than those for SN 2007Y (Stritzinger et al. 2009),
SN 1996N (Sollerman, Leibundgut & Spyromilio 1998), SN
1985F (Schlegel & Krishner 1989) and the sample of type Ib
supernovae discussed in (Matheson et al. 2001), at similar
epochs. The blend at ∼ 8700 A˚ has a FWHM of ∼ 8000 km
sec−1 on day +229, which decreases to ∼ 7300 km sec−1 on
day +251. The Ca II NIR/[Ca II] line ratio measured in the
two nebular spectra indicates that the Ca II NIR is getting
weaker as compared to the [Ca II] line, a feature noticed in
SN 1996N (Sollerman, Leibundgut & Spyromilio 1998) and
interpreted as due to decreasing density (Filippenko et al.
1990). However, the blend at 8700 A˚ has contribution from
OI, Ca II and [C I], hence the measured velocity and flux
using this blend must be viewed with caution.
The emission line profiles are multi-peaked and asym-
metric. The [O I] line shows a sharp and stronger blue peak.
A similar profile is clearly apparent in the [Ca II] line of day
+229. The sharp emission component appears to be present
in all the emission lines. In addition to the broad features
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Figure 13. Left: Temporal velocity evolution of the prominent
ions in SN 2009jf spectra. Right: Comparison of the He I and Fe II
lines velocities in SN 2009jf with those observed in SN 2007Y and
SN 2008D.
due to the supernova ejecta, the nebular spectra also show
narrow lines due to Hα, [N II] 6548, 6583 A˚ and [S II] 6717,
6731 A˚, originating from the underlying H II region.
6.3 Expansion velocity of the ejecta
Expansion velocities of the prominent features seen in the
spectra are estimated by fitting a Gaussian profile to the
minimum of the absorption trough in the redshift corrected
spectra. The velocity evolution of the prominent ions, seen
in the spectra of SN 2009jf, is plotted in Figure 13a. The
expansion velocity of He I 5876 A˚ line, determined using
the pre-maximum spectra, rapidly decreases from a value of
∼ 16000 km sec−1 on day −15 to ∼ 12000 km sec−1 close
to B maximum. The velocity further declines in the post-
maximum phase and levels off at ∼ 7000 km sec−1. The
expansion velocity of Fe II 5169 A˚ feature remains low as
compared to that of He I 5876 A˚ line all through its evolu-
tion, and also declines at a slower rate, as seen in most type
Ib supernovae (Branch et al. 2002). The expansion velocities
of Ca II near-IR triplet follows the evolution of He I 5876 A˚
line, with a marginally higher velocity in the pre-maximum
phase. While the velocity of the He I line decreases to ∼ 7000
km sec−1 in the pre-maximum phase, the velocity of Ca II
near-IR triplet remains higher at ∼ 10000 km sec−1.
The feature seen at 6250 A˚ in the spectrum of some
type Ib supernovae, has been identified with Hα in SN
1954A, SN 1999di, SN 2000H (Branch et al. 2002), SN
2005bf (Anupama et al. 2005), or with Si II in SN 1999ex
(Hamuy et al. 2002), or as a blend of C II 6580 A˚ and Hα
in SN 1999dn (Deng et al. 2000), or as a blend of Si II and
Hα in SN 2008D (Tanaka et al. 2009). In the case of SN
2005bf, identification of the 6250 A˚ feature with Hα was sup-
ported by the presence of a blueshifted Hβ line in the early
spectrum (Anupama et al. 2005). Similarly, in SN 2007Y
Stritzinger et al. (2009) have identified the 6250 A˚ feature
with Hα possibly blended with Si II based on the presence of
Hα in the nebular spectrum and a possible presence of Hβ in
the early spectrum. The presence of a high velocity Hα fea-
ture in the early phase is usually accompanied by the pres-
ence of a broad shoulder redward of the [O I] 6300-6364 A˚
feature, as seen in the spectrum of SN 2007Y. The presence
of Hα absorption at early times and strong Hα emission
in the late phase led Maurer et al. (2010) to reclassify SN
2007Y as type IIb. Identifying the feature seen at 6250 A˚ in
the spectra of SN 2009jf with Hα indicates expansion veloc-
ities much higher than He I, while identification with Si II
indicates velocities that are lower than Fe II (see Figure 13).
Further, in the nebular spectra of SN 2009jf presented here,
the broad shoulder redward of [O I] 6300-6364 A˚ feature is
also not seen. We therefore prefer to identify the 6250 A˚
feature with Si II.
The He I 5876 A˚ and Fe II 5169 A˚ line velocities esti-
mated for SN 2009jf are compared with those of SN 2008D
and SN 2007Y in Figure 13b. The velocity evolution of
SN 2009jf is similar to that of SN 2008D. The He I ve-
locity in both these objects is higher than the Fe II line
velocity, whereas SN 2007Y has a higher Fe II velocity
(Stritzinger et al. 2009). The He I velocity in SN 2009jf dur-
ing the pre-maximum and early post-maximum phases is
higher than SN 2008D, but ∼ 20 days after B maximum,
the velocity in SN 2009jf becomes lower than SN 2008D. On
the other hand, the Fe II line velocity is initially lower in SN
2009jf and becomes similar to SN 2008D at later epochs. SN
2007Y has lower velocities compared to both SN 2009jf and
SN 2008D at all phases.
7 THE OXYGEN MASS
The nebular spectra of type Ib supernovae are dominated by
[O I] emission, considered the prime cooling path during the
late phases (Uomoto 1986, Fransson & Chevalier 1987). The
absolute flux of this line can be used to estimate the mass
of neutral oxygen producing the line emission, following the
expression by Uomoto (1986),
MO = 10
8
×D2 × F([O I])× exp (2.28/T4) , (1)
where MO is the mass of neutral oxygen in M⊙, D is the
distance to the supernova in Mpc, F([O I]) is the flux of the
[O I] line in ergs sec−1 and T4 is the temperature of the oxy-
gen emitting region in units of 104 K. The above equation
holds in the high density regime (Ne > 10
6 cm−3), which is
met in the ejecta of type Ib supernovae (Schlegel & Krishner
1989, Elmhamdi et al. 2004, Gomez & Lopez 1994). An es-
timate of the temperature of the line emitting region can be
made using the [O I] 5577/6300-6364 flux ratio. [O I] 5577 A˚
line is not detected in the nebular spectrum of SN 2009jf.
This implies a limit on the [O I] 5577/6300-6364 flux ratio of
6 0.1. At this limit, the emitting region should either be at
a relatively low temperature (T4 6 0.4) for the high density
limit, and/or at low electron density (ne 6 5× 10
6 cm−3) if
T4 = 1 (Maeda et al. 2007).
Elmhamdi et al. (2004) estimate a temperature of ∼
3200 − 3500 K for SN 1990I at ∼ 237 days after maximum
light, using an upper limit of the flux of [O I]λ5577 line,
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while Schlegel & Krishner (1989), have estimated the mass
of oxygen in type Ib supernovae SN 1984L and SN 1985F
by assuming T4 = 0.4. In all cases, a density & 10
6 cm−3
is assumed. Assuming that the high density regime is valid
for SN 2009jf also, a value of T4 = 0.4 appears to be a
good approximation. Using the [O I] flux of 3.74×10−14 erg
sec−1 cm−2 measured in the spectrum of day +251, and the
assumed distance of 34.25 Mpc, the mass of oxygen is esti-
mated to be 1.34 M⊙. A weak line at ∼ 7750 A˚ is present in
the nebular spectra of SN 2009jf and is identified with O I
7774 A˚ line, following Mazzali et al. (2010). The presence of
O I 7774 A˚ line in the spectrum is indicative of the presence
of ionized oxygen also, as this line is mainly due to recom-
bination (Begelman & Sarazin 1986). Mazzali et al. (2010)
have shown that the mass of oxygen required to produce
[O I] 6300-6364 A˚ and O I 7774 A˚ lines together is higher
than that is required to produce only [O I] 6300-6364 A˚ line.
Thus, the oxygen mass estimate of 1.34 M⊙ may be con-
sidered as a lower limit of the total mass of oxygen ejected
during the explosion.
8 DISCUSSION
The light curve and spectral evolution of SN 2009jf show
some peculiarities compared to other SNe Ib. The light
curves indicate a post-maximum decline that is slower com-
pared to other type Ib supernovae. This slow decline con-
tinues even during the late phases, making the light curve
of SN 2009jf broad. The absolute V magnitude at peak is
comparable to the mean of the absolute magnitude distri-
bution of type Ib supernovae. Using the bolometric light
curve and the energy deposition rate via 56Ni → 56Co, the
mass of 56Ni synthesized during the explosion is estimated
to be 0.17 M⊙. SN 2009jf shows a very early emergence of
He I lines in the spectrum. He I 5876 A˚ line is identified in
the first spectrum obtained 15.3 days before B maximum.
Other lines due to He I at 4471 A˚, and 6678 A˚ were identi-
fied in the −13 day spectrum. Further, the expansion veloc-
ity estimated using He I line ∼ 16, 000 km sec−1, indicating
that helium is excited at high velocity. In case of SN 2008D,
He I lines became apparent around 11.5 days before B max-
imum, and were prominent only around 5 days before B
maximum (Modjaz et al. 2009). The He I lines seen in the
spectra of type Ib supernovae require non-thermal excita-
tion and ionization, as the temperature present in the ejecta
is too low to cause any significant absorption (Lucy 1991).
γ-rays, emitted by newly synthesized 56Ni during the explo-
sion, accelerate electrons that act as a source of non-thermal
excitation for He (Harkenss et al. 1987, Lucy 1991). For ex-
citing helium at such a high velocity as seen in SN 2009jf,
the γ-rays need to be close to the helium layer, which can be
possible either through the escape of γ-rays from the 56Ni
dominated region, or through some large scale instability
causing substantial mixing of 56Ni to the outer layers. The
slower decline of the light curves of SN 2009jf gives an in-
dication that it has a massive ejecta and the probability of
γ-rays escaping will be low. Though substantial mixing of
different inner layers appears to be the most probable way
for an early excitation of He at high velocities, the possibilty
of some γ-rays reaching the He layer and exciting it cannot
be ruled out, especially since SN 2009jf is a rather luminous
supernova.
The profile of [O I] 6300-6364 A˚ feature in the nebu-
lar spectrum is multi-peaked and asymmetric with a sharp,
stronger blue peak. The peak of this feature is blueshifted
by ∼ 30 A˚ around day +86, which reduces to a blueshift
of ∼ 15 A˚ by day +99. Such observed blueshifts are
explained as a result of residual opacity in the core of
the ejecta (Taubenberger et al. 2009). The asymmetric and
multi-peaked profile seen at phases later than 200 days can
be produced by additional components of arbitrary width
and shift with respect to the main component. Such pro-
files are indicative of an ejecta with large-scale clumping,
a single massive blob, or a unipolar jet. The asymmetric
[O I] line profile of SN 2009jf with a stronger blue peak is
very similar to the line profiles of SNe 2000ew and 2004gt.
Taubenberger et al. (2009) have explored a possible config-
uration which can give rise to this asymmetric line profile,
and interperted the profile as originating from the deblended
6300 A˚ and 6364 A˚ lines of a single narrow, blueshifted com-
ponent. Maurer et al. (2010) have shown that the profile of
[O I] 6300-6364 A˚ doublet is likely to be influenced by Hα
absorption. If hydrogen concentration is located around ∼
12000 km sec−1, it causes a split of the [O I] 6300-6364 A˚
doublet, leading to a double-peaked oxygen profile. Nei-
ther scenarios account for the stronger blue peak of the
6300 A˚ line. Taubenberger et al. (2009) explain the stronger
blue peak with a complex ejecta structure with additional
blueshifted emission on top of an otherwise symmetric pro-
file. Alternatively, the asymmetry in the profile is explained
by a damping of the redshifted emission component in an
originally toroidal distribution, caused by the optically thick
inner ejecta. The light curve evolution of SN 2009jf indicates
the presence of an ejecta more massive than other stripped
core collapse supernovae. Hence, it is quite likely that in the
case of SN 2009jf also the redward component is damped by
an optically thick inner ejecta. It should however be noted
that asymmetric and multi-component profiles cannot be
reproduced within spherical symmetry (Mazzali et al. 2005;
Maeda et al. 2007). This needs further investigation with
observations at phases later than presented here, as well as
spectrophotometric observations and detailed modelling.
The brightness and width of Type Ib light curves are
determined by the interplay of nickel mass, opacity and γ-
ray deposition. In general, a greater amount of 56Ni will
make the light curve brighter. A more massive ejecta will
have a larger optical depth, and it will take longer for the
trapped decay energy to diffuse through the envelope, which
will broaden the light curve (Ensman & Woosley 1988). The
time taken for the bolometric light curve to decline from
peak to the moment when the luminosity is equal to 1/e
times the peak luminosity (which is equivalent to a decline
of 1.1 mag from peak), is known as the effective diffusion
time τm. The effective diffusion time is related to the mass
of the ejecta Mej and the kinetic energy Ek of the ejecta
τm ∝ κ
1/2
optM
3/4
ej K
−1/4
E (Arnett 1982), where κopt is optical
opacity. The expansion velocity v can be expressed in terms
of Mej and Ek as v ∝ M
−1/2
ej K
1/2
E . The broad peak and
slower decline rates of the light curves of SN 2009jf in com-
parison to other supernovae indicate that SN 2009jf has a
massive ejecta. Further, the broader emission lines at late
phase indicates a larger explosion energy.
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There are several core-collapse supernovae for which the
progenitor mass has been constrained using hydrodynamical
modelling. With this approach, Nomoto et al. (2003) and
Nomoto et al. (2004) constructed the EK − MMS diagram
and introduced a hypernova branch. Recent updates of this
approach include SN 1998bw (Maeda et al. 2006), SN 2008D
(Tanaka et al. 2009), and SN 2003bg (Mazzali et al. 2009).
For the well studied bright hypernova SN 1998bw (MV =
−19.35 Galama et al. (1998)), the main sequence mass of
the progenitor is constrained by Maeda et al. (2006) as ∼
40 M⊙. Though SN 2009jf has a brighter peak compared to
SN 2008D, the fact that the light curves of SN 2009jf around
maximum and the initial decline rate ∆m15(V ) are similar
to those of SN 2008D can be used to estimate the mass of
the ejecta Mej and kinetic energy Ek of the ejecta, using SN
2008D as the reference, assuming the optical opacity κopt to
be the same. The effective diffusion time τm for SN 2009jf
and SN 2008D are estimated to be 30 days and 26 days,
respectively. The photospheric expansion velocity estimated
using the Fe II 5169 A˚ line at maximum is ∼ 10000 km sec−1,
similar for both the objects. For SN 2008D, the mass of the
ejecta Mej, the kinetic energy Ek and the progenitor mass
have been derived by Mazzali et al. (2008), Soderberg et al.
(2008) and Tanaka et al. (2009). Mazzali et al. (2008) could
reproduce the spectral evolution and light curve with a
spherically symmetric explosion energy Ek = 6.0 × 10
51
erg and ejected mass Mej ∼ 7 M⊙ with a progenitor of
mass ∼ 30 M⊙ while Soderberg et al. (2008) have arrived at
Ek = 2−4×10
51 erg and Mej = 3−5 M⊙, by applying rescal-
ing arguments. Tanaka et al. (2009) have calculated the hy-
drodynamics of explosion and explosive nucleosynthesis for
SN 2008D with varying mass for the He core of the progeni-
tor and concluded that the progenitor star of SN 2008D had
a He core mass 6−8 M⊙ prior to explosion. This corresponds
to a main sequence mass of MMS = 20− 25 M⊙. The explo-
sion energy and mass of ejecta for SN 2008D were estimated
to be Ek = 6.0 ± 2.5 × 10
51 erg and Mej = 5.3 ± 1.0 M⊙,
respectively. Thus, for SN 2008D the mass of ejecta Mej and
explosion energy Ek range between 3−7 M⊙ and 2−6×10
51
erg, respectively. Using the observed photospheric velocity
and the estimated diffusion time for SN 2009jf, and treating
SN 2008D as a reference, we estimate Mej = 4− 9 M⊙ and
Ek = 3− 8× 10
51 erg for SN 2009jf. This indicates that SN
2009jf was an energetic explosion of a star having a mass
similar, or somewhat more massive than the progenitor of
SN 2008D (MMS & 20 − 25 M⊙). The physical parameters
of SN 2009jf may also be compared with those of the type
IIb supernova SN 2003bg, which had an absolute peak mag-
nitude of MV = −17.5 (Hamuy et al. 2009) and an oxygen
mass estimate of 1.3 M⊙. Mazzali et al. (2009) have esti-
mated the physical parameters for SN 2003bg based on de-
tailed light curve and spectral modelling. The best fit model
gives an ejected mass of ∼ 4.8 M⊙, kinetic energy ∼ 5×10
51
erg and mass of 56Ni ∼ 0.15 − 0.17 M⊙. The mass of the
progenitor for SN 2003bg is estimated as 20 − 25 M⊙. Our
qualitative analysis of light curve and spectra of SN 2009jf
hints towards a higher kinetic energy and a slightly more
massive ejecta than SN 2003bg, and in turn a progenitor
with MMS & 20− 25 M⊙.
The mass of oxygen M(O) in the ejecta of the core col-
lapse SNe is very sensitive to the main-sequence mass MMS
of the progenitor. ForMMS = 15, 18, 20, 25, 30, and 40 M⊙,
M(O) = 0.16, 0.77, 1.05, 2.35, 3.22, and 7.33 M⊙, respec-
tively (Nomoto et al. 2006). These values are obtained for
Ek = 1.0×10
51 erg and the metallicity z = 0.02, but are not
so sensitive to Ek and z. In fact, for (MMS/M⊙, Ek/10
51 erg)
= (20, 10), (25, 10), and (30, 20), and (40, 30),M(O)/M⊙ =
0.98, 2.18, 2.74, and 7.05, respectively (Nomoto et al. 2006).
Therefore, the lower limit of the oxygen mass M(O) & 1.34
M⊙ estimated from the nebular spectra is quite consistent
with the progenitor mass of MMS & 20 − 25 M⊙ estimated
from the light curve shape and the photospheric velocities.
The [Ca II] 7291-7324/[O I]6300-6364 line ratio is also
a good diagnostic of MMS, because the mass of the ex-
plosively synthesized Ca in the ejecta, M(Ca), is not sen-
sitive to MMS. For MMS/M⊙ = 15, 18, 20, 25, 30, and
40, M(Ca)/10−2M⊙ = 0.40, 0.45, 0.37, 0.66, 1.6, and
1.6, respectively (Nomoto et al. 2006). Also, for (MMS/M⊙,
Ek/10
51 erg) = (20, 10), (25, 10), and (30, 20), and (40, 30),
M(Ca)/10−2M⊙ = 0.50, 0.57, 0.93, and 1.4, respectively
(Nomoto et al. 2006). This is in contrast to M(O), which
sensitively increases with MMS. Thus a smaller [Ca II]/[O I]
ratio indicates a massive core.
The [Ca II] 7291-7324/[O I]6300-6364 emission line ratio
for SN 2009jf is estimated as 0.51 and 0.49 using the nebu-
lar spectrum observed on days +229 and +251, respectively.
For SN 2007Y, SN 1996N, SN 1990I and SN 1998bw, this
ratio was found to be 1.0, 0.9, 0.7 and 0.5, respectively, at
similar epochs (Elmhamdi et al. 2004, Stritzinger et al. 2009
and references therein). Fransson & Chevalier (1989) have
theoretically calculated the [Ca II]/[O I] line ratio for pro-
genitor masses of 15 and 25 M⊙. The observed [Ca II]/[O I]
ratio for SN 2009jf is very close to the ratio expected for
a star with MMS= 25 M⊙, as indicated by Model 1b in
Fransson & Chevalier (1989).
The estimates of the mass of 56Ni synthesized during
the explosion, the kinetic energy of explosion and the main
sequence mass of the progenitor star places SN 2009jf be-
tween the normal core-collapse supernovae and the hyper-
novae branch in the EK − MMS diagram of Tanaka et al.
(2009), at the upper end of the normal core-collapse super-
novae branch. It is however to be noted that the [O I] line
profile during the nebular phase indicates asymmetry of the
explosion. This can have some effect in the kinetic energy
estimate, as shown by Maeda et al. (2006) and Tanaka et al.
(2007) for SN 1998bw. A detailed modelling is therefore re-
quired for a better estimate of the various parameters.
Itagaki, Kaneda & Yamaoka (2009) suggest the progen-
itor could have undergone luminous blue variable type mass
loss events, based on their detection of a dim object at the
location of the supernova on three occasions. Pre-supernova
images of the host galaxy obtained in the ultraviolet by
the Swift satellite, and available in the Swift data archives,
clearly indicate the presence of a bright HII region at the su-
pernova location. It is hence quite likely that the object de-
tected by Itagaki, Kaneda & Yamaoka (2009) corresponds
to the underlying HII region.
9 SUMMARY
We present in this paper optical photometry and medium
resolution optical spectroscopy of the type Ib supernova SN
2009jf, spanning a period from ∼ 15 days before B band
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maximum to ∼ 250 days post maximum. SN 2009jf reached
a B maximum on JD 2455119.46, with an absolute magni-
tudeMB = −17.58±0.19 magnitude. A slow post-maximum
decline is indicated by the broad light curves. The peak bolo-
metric flux implies ∼ 0.17 M⊙ of
56Ni was synthesized dur-
ing the explosion.
The spectral evolution of SN 2009jf is typical of type
Ib class, but with an early emergence of helium lines. He I
5876 A˚ is clearly identified in the first spectrum obtained 15
days before maximum, at a velocity of ∼ 16000 km sec−1.
This early emergence of helium lines is likely due to a sub-
stantial mixing of the inner layers of the ejecta. The [O I]
6300-6364 A˚ line seen in the nebular spectrum is multi-
peaked and asymmetric, with a sharp, stronger blue peak.
This is explained by the complex ejecta structure of an as-
pherical explosion. The absolute flux of this line indicates
the mass of oxygen ejected during the explosion to be & 1.34
M⊙.
A qualitative analysis of the light curve and spectra of
SN 2009jf indicates that SN 2009jf is an energetic explosion
of a massive star. The mass of the ejecta and kinetic energy
of explosion are estimated to be Mej= 4− 9 M⊙ and KE =
3 − 8 ×1051 erg, respectively. The main sequence mass of
the progenitor star is estimated to be & 20− 25 M⊙.
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